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Topological phase, a novel and fundamental
role in matter, displays an extraordinary robust-
ness to smooth changes in material parameters
or disorder. A crossover between topological
physics and quantum information may lead to
inherent fault-tolerant quantum simulations and
quantum computing. Quantum features may be
preserved by being encoded among topological
structures of physical evolution systems. This
requires us to stimulate, manipulate and observe
topological phenomena at single quantum par-
ticle level, which, however, hasn’t been realized
yet. Here, we address such a question whether
the quantum features of single photons can be
preserved in topological structures. We experi-
mentally observe the boundary states of single
photons and demonstrate the performance of
topological phase on protecting the quantum
features in quasi-periodic systems. Our work
confirms the compatibility between macroscopic
topological states and microscopic single photons
on a photonic chip. We believe the emerging
‘quantum topological photonics’ will add entirely
new and versatile capacities into quantum tech-
nologies.
The study of topological phenomenon in quantum sys-
tems, deriving from the quantum Hall effect, has revealed
the fundamental role of topological phases in matter [1–
4]. The hallmark of the novel phases in topological insu-
lator is the emergence of the topological protected state
on the system edge or surface comparing to the ordinary
insulator. In the view of band structures, the localized
edge or surface states appear at the interface between
two topologically distinct systems closing to energy gaps,
such as the chiral modes of the integer quantum Hall ef-
fect [4] and the Dirac cone in topological insulator [5, 6].
The topological phase displays an extraordinary ro-
bustness to smooth changes in material parameters or
disorder and cannot be changed unless the system un-
dergoes a topological transition. Therefore the topolog-
ical phase holds the promise of inherently fault-tolerant
quantum simulations and computing [7]. The topologi-
cal quantum computation, using non-Abelian anyons to
store and manipulate quantum information in a nonlo-
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cal manner, is becoming a promising candidate towards
quantum computers in theoretical predictions, but is still
in its infancy in experimental implementations [8–10].
Alternatively, another potential approach is to directly
protect quantum features in topological structures of
physical evolution systems.
In contrast to the extremely demanding experimental
environment in condensed-matter or high-energy physics,
light, as one specific spectrum range of electromagnetic
waves, is easy to be created and detected, and has been
employed to investigate quantum topological phenom-
ena, for example, the Hall effect [11–14], edge states [15–
19], topological insulators [20–24] and the Weyl points
[25, 26]. Meanwhile, single photon, as single particle of
light, is a promising platform for quantum simulation
and quantum computing [27]. Thus, photon can be si-
multaneously compatible to both topological physics and
quantum information, which suggests quantum topologi-
cal photonics as a new frontier for exploring both funda-
mental problems and potential applications.
In this work, we experimentally observe the topological
boundary states of single photons, and investigate the
quantum features in a quasi-periodic lattice of up to 100
sites on a photonic chip. We show that the site number
is an extra decisive element, besides the quasi-periodicity
modulation parameter, for the topological phase. Adding
or removing one site at the end of system can transform
the band structure and change the boundary state type.
Besides, we observe that the quantum features of single
photon can be well preserved in quasi-crystal system via
boundary states.
The quasi-periodic system, ordered but not periodic,
was found to offer a convenient platform for the study
of topological phases [28]. And the quasi-crystal can be
characterized by the topological invariant that is usually
attributed to systems of a dimension higher than their
physical dimension [29]. With the quasi-periodicity of
Harper model (also known as Aubry-Andre´ model) [30,
31], the quasi-crystal possesses robust boundary states
and the topological characteristics is similar to the two-
dimension integer quantum Hall effect [28, 29].
As is shown in Fig.1(a), our work is based on the ‘off-
diagonal’ version of Harper model, which could be de-
scribed by the Hamiltonian
H =
∑
n
J(n)ana
+
n+1 + h.c., (1)
where a+n (an) is the creation(annihilation) operator at
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2FIG. 1. Band structure of quasi-crystal and the local density of states. a-b, The coupling strength of a one-dimension
quasi-crystal lattice is modulated in the form of a cosine incommensurate. c, The Floquet band structure of quasi-crystal as
a function of φ for t = 0.5, λ = 0.5, b = (
√
5 + 1)/2(the gold mean). The gaps between bands are crossed by two nontrivial
topological edge modes. d, The spatial distribution of the eigenstates for the specific structure (φ = 0.2pi) as a function of
energy. Two types of boundary models are particularly prominent among all, in which single photons are confined on the
boundary. e, The spatial distribution of the eigenstates for φ = 0.9pi. There is no boundary state such that the single photons
are scattered all over the lattice for all models.
site n, J presents the coupling strength between the ad-
jacent sites, defined by J(n) = t(1 + λcos(2pibn + φ)).
In this expression, t is the average coupling strength, λ
presents the modulation amplitude, and b is the param-
eter controlling the order of crystal.
We set the parameter b to be irrational. As the re-
sult, the coupling strength J is quasi-periodic varying
with the site n as shown in Fig.1(b), and the system is
non-periodic but has long-range order. The system ex-
hibits trivial and nontrivial topological properties with
different additional degrees of freedom, behaving as the
modulation phase. The topological properties contribute
to a higher dimension via tunning the modulation phase
φ.
We show the calculated Floquet band structure of the
photonic quasi-crystal as a function of φ in Fig.1(c). The
band structure shows that the gaps between bands are
crossed by two nontrivial topological boundary modes,
in which the states are localized on the boundary of the
system. To reveal the detailed message in the band struc-
ture for a given φ, we show the spatial distribution of the
eigenstates as a function of energy by the local density
of states for φ = 0.2pi (see Fig.1(d)), which is defined by
Dn(E) =
∑
m δ(E−Em)|ϕ(m)n |2 (Em is the energy of the
mth eigenstates and ϕ
(m)
n is its wave function [29]). Four
boundary states among all modes are particularly promi-
nent. Single photons can be confined on the edge of struc-
ture under the norm of the boundary state. As a com-
parison, we plot the local density of states for φ = 0.9pi
in Fig.1(e), in which there is no boundary state between
the bands. Single photons distribute over all the sites for
each eigenstate.
In our experiment, we fabricate the quasi-crystals in
borosilicate glass using femtosecond laser direct writing
technique (see Methods) [32–35]. We implement two 100-
sited photonic lattices with modulation phases φ = 0.2pi
and 0.9pi. Heralded single photons (see Methods) are in-
jected into the leftmost site (n=1) and the rightmost site
(n=100) respectively for both lattices, and the outgoing
probability distribution is measured after the single pho-
ton has hopped for 35 mm. The single-photon outgoing
3FIG. 2. Experimental setup. a, Different photonic quasi-crystals are fabricated in the same photonic chip. Heralded single
photons are injected into the lattices after be focused by a lens, and are collected at the output facet behind an iris which
ensures only the single photons out of the chosen site are collected. The second-order anti-correlation parameter α of single
photons is measured with APDs using the Hanbury-Brown-Twiss interference. An ICCD is used to observe single-photon
distribution probability before the iris. b, The generation of the heralded single photon and the trigger photon.
FIG. 3. Experimental results of single-photon distribution probability. a-b, Two types of topological boundary states
are observed when we inject heralded single photons into the lattice with parameter φ = 0.2pi. c-d, The heralded single photons
are no longer confined to the boundary of the system with parameter φ = 0.9pi. The red arrows point out the input sites. The
red histogram represents the experimental results and the white histogram is our simulated results for reference.
distribution is measured with ICCD, and switchable pho-
ton statistics is obtained by APDs and an FPGA counter,
see Methods and Fig.2 for more details.
The experimental results of single-photon distribution
probability are shown in Fig.3. From the Floquet band
structure shown in Fig.1(a), two different types of bound-
ary states both exist in the system if the modulation
phase φ = 0.2pi. When the single photon is injected
into the lattices from the leftmost site (n=1), as shown
in Fig.3(a), the single photons occupy several sites with
high probability at the left boundary at the outgoing
facet. The right topological boundary state [see Fig.3(b)]
can also be observed when the single photon is initially
injected into the rightmost site (n=100). The system
becomes topological trivial when we set the modulation
phase φ = 0.9pi. Unlike the single-photon behavior in
topological nontrivial phase, the photons are no longer
confined to the boundary of the system [see Figs.3(c)-
3(d)], regardless whether the system is excited at the
leftmost site (n=1) or the rightmost site (n=100).
To quantify the localization of the outgoing single pho-
tons for the boundary states, we calculate the generalized
return probability ξj defined by ξj =
∑j+d
j−d Ii/
∑n
1 Ii,
which quantifies the probability of the single photon
that remains within a small distance d from the injec-
tion site j, and the d = 7 is the width of the localized
boundary state [29]. In our experiment, ξ1 = 0.627 and
ξ100 = 0.717 for the quasi-crystal with φ = 0.2pi. As a
comparison, ξ1 = 0.129 and ξ100 = 0.096 for the system
is in topological trivial phase.
We can see that the quasi-crystal can be modified in
topological trivial and nontrivial phase by tuning the
modulation phase φ. There are two other parameters
also contributing to the form of the band structure, the
modulation amplitude λ and the site number N . The for-
mer controls the width of the gap between bands. The
4FIG. 4. Site-number dependence of quasi-crystal band structure. Adding one more site to the end of the lattice (a),
the band structure transforms to a new form (b). Comparing to the 100-sited lattice, either one or zero type of boundary state
exists. Only the left boundary state appears with the modulation phase φ = 0.2pi (c), and only the right boundary state can
be observed with the modulation phase φ = 0.9pi (d). The red arrows point out the input sites. The red histogram represents
the experimental results and the white one is our simulated results for reference.
TABLE I. The measured α for the single photons going
out from boundary states. BφNL/R represents the topolog-
ical boundary states of single photons with different structure
parameters. φ indicates the modulation phase. N is the site
number of the lattice, and the L (R) denotes the left (right)
boundary state.
BφNL/R input B
0.2
100L B
0.2
100R B
0.2
101L B
0.9
101R
α 0.0166 0.0143 0.0093 0.0210 0.0152
(0.0048) (0.0027) (0.0020) (0.0074) (0.0041)
latter can lead to the transformation of the boundary
states in the band structure. If we add one more site
to the end of the lattice [see Fig.4(a)], the band struc-
ture transforms to a new form, as is shown in Fig.4(b).
One more site renders that there is only one topological
nontrivial model crossing the bands. The state of this
model is localized in the left boundary, but not in the
right boundary, when φ = 0.2pi. The right boundary
state appears when φ = 0.9pi.
We fabricate two 101-sited photonic lattices with the
modulation phase φ = 0.2pi and 0.9pi respectively to ex-
perimentally demonstrate the predicted transformation
of the band structure. The experimental single-photon
distribution probabilities are depicted in Fig.4(c)-4(d).
The result is consistent with the prediction resulting
from the band structure, the distribution only remained
tightly localized at either left boundary for φ = 0.2pi
with ξ1 = 0.727 and ξ101 = 0.082 or right boundary for
φ = 0.9pi with ξ1 = 0.086 and ξ101 = 0.678. This is
a clear signature of the existence of only one boundary
state for certain modulation phase φ.
To explore whether the topological nontrivial bound-
ary state can preserve the single-photon feature after
the single photon outgoing from the lattices, we quan-
tify the single-photon feature with the second-order anti-
correlation parameter α. And the parameter α tends to
be zero for ideal single photon [36].
By using Hanbury-Brown-Twiss interferometer, we are
able to measure the second-order anti-correlation pa-
rameter α = p1p123/p12p13 with avalanche photodiode
(APD) 1, 2 and 3, where APD3 is the detector for the
trigger photon (not shown in Fig.2). In our experiment,
we measure α for the sites that have the highest distri-
bution probability. As is shown in Table.I, the measured
α are found being small and having no distinct changes
before and after the photonic chip, which confirms that
the single-photon feature can be well preserved.
In conclusion, we demonstrate the appearance of topo-
5logical boundary states of single photons in quasi-crystal
and the performance of the topological phase on pro-
tecting quantum features. By using single-photon imag-
ing technique and Hanbury-Brown-Twiss interferometer,
we are able to experimentally confirm the compatibility
between macroscopic topological states and microscopic
single photons on a photonic chip. Our work represents
an attempt to directly protect quantum features in quan-
tum topological boundary states, combining topological
physics and quantum information. The emerging quan-
tum topological photonics opens up an immediate de-
mand to fundamentally investigate quantum topological
boundary states in multi-photon regime, and to explore
potential applications in quantum simulation and quan-
tum computing in both theory and experiment.
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Methods
Fabrication and measurement of the quasi-
crystal on a photonic chip: We design the quasi-
crystal lattice structure according to the characterized
relationship between the coupling coefficients and the
separation of adjacent waveguides. The lattices are writ-
ten into borosilicate glass substrate (refractive index
n0 = 1.514) with femtosecond laser (power 10W, wave-
length 1026nm, SHG wavelength 513nm, pulse duration
290fs, repetition rate 1MHz). We reshape the focal vol-
ume of the beam with a cylindrical lens, and then focus
the beam inside the borosilicate substrate with a 50X ob-
jective lens (NA=0.55), A high-precision three-axis trans-
lation stage is in charge of moving the photonic chip dur-
ing fabrication with a constant velocity of 10mm/s.
In the experiment, we inject the heralded single pho-
tons into the rightmost or leftmost sites in the photonic
chip using a 20X objective lens. After a total propaga-
tion distance of 35 mm through the lattice structures,
the outgoing probability distributions of heralded single
photons are observed using a 10X microscope objective
lens and the ICCD camera.
The generation and imaging of the heralded sin-
gle photon: The single-photon source with the wave-
length of 810nm is generated from periodically-poled
KTP (PPKTP) crystal via spontaneous parametric down
conversion. The generated photon pairs are separated to
two components, horizontal and vertical polarization, af-
ter a long-pass filter and a polarized beam splitter (PBS).
One should notice that the measured patterns would
come from the thermal-state light rather than single-
photons if we inject only one polarized photon into the
lattices without external trigger. Therefore, we inject the
horizontally polarized photon into the lattices, while the
vertically polarized photon acts as the trigger for herald-
ing the horizontally polarized photons out from the lat-
tices with a time slot of 10 ns. We capture each evo-
lution result using the ICCD camera after accumulating
in the external mode for 2000 s. The second-order anti-
correlation parameter α is measured using APDs and an
FPGA counter after accumulating for 300s.
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